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Abstract
Contrast sensitivity functions (CSFs) were measured in the foveal region while subjects simultaneously performed an
instantaneous judgment task, which was designed to maintain their attended areas at a constant size. Spatial attention was
sustained over areas that were either narrow (Narrow condition) or broad (Broad condition). We observed that the sensitivity at
higher frequencies (over 3 cpd) was greater under the Narrow condition than that under the Broad condition, supporting the
argument that attention enhances spatial resolution. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Nakayama and Mackeben (1989) demonstrated the
existence of a sustained and transient component of
attention. In that and another paper (Mackeben &
Nakayama, 1993), they reported the attention sum-
moned transiently by precueing can improve the perfor-
mance of a vernier acuity task. There has since been a
controversy about whether transient spatial attention
improves spatial resolution. In this study, we addressed
the issue of the relationship between sustained attention
and spatial resolution.
In the controversy concerning transient attention and
spatial resolution, Shiu and Pashler (1995) argued that
the improvement was caused by the exclusion of noise,
and they showed that vernier acuity without distractors
did not improve. Nazir (1992) as well found that spatial
precueing had no effect on gap-resolution performance.
In contrast, Yeshurun and Carrasco (1999) reported
improvements in both vernier acuity and gap resolu-
tion, even without distractors, by precueing when target
locations varied from trial to trial over a range of
eccentricities. This suggests that the improved perfor-
mance may result from enhanced spatial resolution at
the cued location instead of only from distractor exclu-
sion. In another study, they showed that transient
attention can improve yet also impair performance in
texture segregation tasks (Yeshurun & Carrasco, 1998).
During these tasks, performance peaks at mid-periph-
eral locations. It drops near the center, where spatial
resolutions were too high, or close to far-peripheral
locations, where spatial resolutions were too low. They
observed that precueing improved performance at pe-
ripheral locations and impaired it at central locations.
The results can be well explained by their ‘resolution
hypothesis’, which states that attention can enhance
spatial resolution. Moreover, Carrasco, Penpeci-Talgar,
and Eckstein (2000) showed that transient attention
enhanced contrast sensitivity functions (CSFs) in a wide
range of spatial frequencies.
On the other hand, there have been some studies
which examined the relationship between sustained at-
tention and spatial resolution. Balz and Hock (1997)
conducted an experiment where attentional spread was
controlled to be either broadly or narrowly focused,
and they showed that vernier acuity was enhanced
when the spread was narrowly focused rather than
when the spread was broadly focused, thereby indicat-
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ing that narrowly focused sustained attention improves
spatial resolution. Shulman and Wilson (1987) found
that the detectability of grating patterns with high
frequencies improved if attention is directed toward the
local structure of a stimulus, and that the detectability
of the patterns with low frequencies improved if atten-
tion is directed toward the global structure. This result
not only implies that a narrow attention window im-
proves spatial resolution, but also that attentional
spread has an effect on CSFs.
Although Carrasco et al. (2000) have investigated the
effects of transient attention on CSFs and have shown
that transient attention improved contrast sensitivity
along the CSFs, there has been no previous study where
the CSFs affected by sustained attention were measured
directly. In this paper, we examine this question by
alternating the size (i.e. Narrow vs. Broad conditions)
of the attended area.
2. Method
2.1. Subjects
Five subjects participated in this experiment. Two
were the authors (MG, TT) and the others (MF, MM,
YU) were naive as to the purpose of the experiment.
Everyone had normal or corrected-to-normal vision.
2.2. Apparatus
The experiment was conducted in a dark room. Each
subject sat on a chair, and movement of the subject’s
head was restrained by a chinrest. Stimuli were gener-
ated by a graphics display controller (VSG2/4, Cam-
bridge Research Systems) under the control of a
microcomputer (FMV-6200T5 Fujitsu; IBM compatible
PC), and presented on a 21-inch CRT monitor (FMV-
DP996 Fujitsu) at a frame refresh rate of 100 Hz. The
resolution was 1024×768 pixels. The stimuli were rep-
resented with pseudo-12-bit contrast accuracy (Pelli &
Zhang, 1991). Binocular viewing was used at a distance
of 114 cm without monitoring eye movements.
2.3. Stimuli
The stimuli are depicted in Fig. 1. The luminance of
the gray background was 46.3 cd/m2. A dark gray ring
(luminance, 20.6 cd/m2) was presented throughout each
trial. The radius of the outer edge of the ring subtended
5.0° (Broad condition) or 2.5° (Narrow condition), and
that of the inner edge subtended 4.5 or 2.0°, respec-
tively. Two, three, or four red disks (luminance: 20.6
cd/m2, 0.62, 0.34 in standard CIE color space) were on
the peripheral ring. The radius of the disks subtended
0.25° of visual angle, which was determined by a pre-
liminary test based on the capability of enabling stable
performance. The disk patterns were presented in suc-
cession, and subjects had to determine the number of
red disks presented each time.
2.4. Procedure
The task was to perform two tasks concurrently. The
primary task was designed to control the size of the
attended area, and the secondary task was designed to
measure contrast sensitivity.
On each trial, a fixation point, which was a dark gray
small mark with a diameter of 0.1°, was presented for
1000 ms in the center of the monitor. After the fixation
point disappeared, a disk-off phase (300 ms) and disk-
on phase (100 ms) were alternated repeatedly (Fig. 2).
Each disk pattern presented during the disk-on phase
was chosen with equal probability from 14 preselected
patterns.
The primary task for subjects was to press a button
(Button 1) every time the subject noticed the target
pattern (one of the two patterns containing four disks).
Failing to press the button within the period of 100–
1000 ms after the onset of the target pattern was
considered an error (Miss1), and the subject heard a
buzzer as feedback. Pressing Button 1 when it was not
required was also considered an error (F.A.1; false
alarm), also causing the buzzer to sound. The trial
ended if one of these errors occurred. To prevent the
Fig. 1. Disk patterns. (a) Eight possible disk locations. (b) A target
pattern containing four disks. The pattern can be rotated 45°, so
there are two patterns containing four disks. (c) A non-target pattern
containing three disks. The pattern can be rotated 45×n (n=1,
2,…7) degrees, so there are eight patterns. (d) A non-target pattern
containing two disks. The pattern can be rotated 45×n (n=1, 2, 3)
degrees, so there are four patterns. There are 14 patterns in total.
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Fig. 2. Primary and secondary tasks. Note that the time scales are different between the two tasks.
subjects from becoming confused, the first two patterns
on every trial were set to be non-target ones. Further-
more, two non-target patterns were set to follow each
target pattern.
The secondary task for subjects was to press another
button (Button 2) if they noticed a Gabor patch, which
appeared as a probe in the center of the monitor, with
a very gradual increase in contrast.
These two tasks had to be done concurrently. The
subjects had to press Button 1 every time they noticed
the target pattern on the peripheral ring, and during
this task, they also had to press Button 2 as soon as
they noticed the Gabor patch in the center of the
monitor.
The Gabor patch was a Gaussian-modulated sinu-
soidal grating whose intensity profile was proportional
to exp[− (x2+y2)/(22)] cos(2fx), where f is the fre-
quency of the grating component. The standard devia-
tion  of the Gaussian envelope was 0.8/f. Six
frequencies were available: 0.69, 0.87, 1.7, 3.5, 6.9, 9.3
cpd. The radii of the patch, estimated to be 3, were
3.5, 2.8, 1.4, 0.69, 0.35, and 0.26°, respectively. Among
them, 0.69 cpd was never used in the Narrow condition
because the patch was too large for the smaller ring.
The patch of 0.87 cpd overlapped slightly with the
smaller ring. This combination was included in the
experimental sessions, but excluded from the analysis of
contrast sensitivity.
The duration from the beginning of a trial to the
onset of increasing contrast was selected randomly
from a range of 1000–10000 ms. The logarithm of the
probe contrast [specified as Weber contrast= (peak in-
tensity−background intensity)/background] was in-
creased from −2.08[= log10(1/120)] to 0 [= log10(1)] in
increments of 0.00347 [= (log10120)/600] every 50 ms
for 30 s. The maximum contrast was maintained for the
final 2 s.
Catch trials, during which only disk patterns were
presented for 30 s, were intermingled randomly (occur-
ring at P=10% independent of one another) with
normal trials.
If the subject pressed Button 2 before the contrast
began to increase (F.A.2; false alarm), or did not press
Button 2 until the end of the trial (Miss2), the trial
ended but no feedback was given. Otherwise, the trial
was completed as soon as the subject pressed Button 2.
Subjects were instructed: (1) to not move their eyes
even after the fixation point disappeared, (2) to keep
their attentional spread constant, and (3) to give prior-
ity to the primary task over the secondary task. How-
ever, blinking was acceptable. The contrast sensitivity
was determined as the probe contrast at the exact
moment the subject pressed Button 2. We regarded the
reaction time as negligible because it could be consid-
ered short enough relative to the rate (0.069 log units/s)
of the increasing contrast of the probe.
Each subject received training before the commence-
ment of each set of data collection trials until the
subject achieved a miss rate of less than 5% for the
primary task. For data collection, each subject received
20 blocks of 20 trials with a short rest period between
blocks. After each block was finished, the miss rate of
the primary task in the block was given as feedback to
the subject to keep the subject’s attention on the pri-
mary task. The size of the attended area (i.e. Narrow or
Broad), and the frequency of the probe varied from
trial to trial.
We obtained contrast sensitivity values from those
trials, in which subjects did not make an error in regard
to either the primary task or the secondary task. We
analyzed the obtained data by t-tests, comparing the
means of two data sets whose items were logarithmic
values of contrast sensitivity.
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3. Results
The 400 trials for each subject are divided into two
categories: ‘correct trials’ which ended successfully and,
‘error trials’ which were cancelled by an error. Error
trials are subdivided into four categories: false alarms
of the primary task (F.A.1), misses of the primary task
(Miss1), false alarms of the secondary task (F.A.2), and
misses of the secondary task (Miss2). The numbers of
trials of all these categories are listed in Table 1. The
numbers in parentheses are the results for the catch
trials. The number of target disk patterns presented
through 400 trials are also listed. The miss rates (Miss1/
target disk patterns) of the primary task were less than
3% for all subjects. There was no combination of probe
frequency and ring size (i.e. Narrow or Broad) which
had less than 19 correct trials.
Fig. 3 shows the CSFs obtained according to the
results for the five subjects. CSFs under the Narrow
and Broad conditions are plotted as functions of the
spatial frequency of the probe. The error bars denote
1 SEM. The symbols denote statistically significant
differences at P0.05 (asterisks) or P0.01 (daggers)
in the t-tests.
For all subjects, the sensitivity at the higher frequen-
cies of 3.5, 6.9 and 9.3 cpd was substantially greater
under the Narrow condition than under the Broad
condition. The sensitivity at 1.7 cpd showed no change
for two subjects (MG, MF), or was slightly greater
under the Narrow condition (TT, MM, YU).
4. Discussion
The results of our experiment clearly show that the
sensitivity of frequencies higher than 3 cpd was sub-
stantially greater under the Narrow condition than
under the Broad condition. This indicates that if the
Table 1
Performance in two tasks by five subjects
Subjects
MM YUTT MFMG
Details of the 400 trials
328 (31) 312 (30) 308 (28)Correct 347 (40)306 (31)
Error
F.A.1 14 (1)25 (7) 23 (6) 15 (4) 3 (0)
5 (1)35 (7)27 (2)Miss1 21 (3)29 (2)
1 (1)F.A.2 0 (0)0 (0) 0 (1) 0 (4)
0 (–) 0 (–)Miss2 0 (–) 2 (–) 0 (–)
1891158814351472Target disk patterns 1572
Fig. 3. Experimental results. The triangles with parentheses are the excluded data because of the overlapping area of the smaller ring and the
Gabor patch.
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contrast is assumed to be constant, higher frequencies
can be seen better under the Narrow condition. The
results are consistent with those of previous studies
(Balz & Hock, 1997; Yeshurun & Carrasco, 1998, 1999;
Carrasco et al., 2000). In contrast, we did not observe
such a distinct elevation in sensitivity at a lower fre-
quency (1.7 cpd) under the Narrow condition.
Carrasco et al. (2000) used a Gabor patch that
appeared with an abrupt onset when they measured
CSFs affected by transient attention. In the experiment
that Shulman and Wilson (1987) conducted, the con-
trast of a grating pattern was increased or decreased in
steps (four steps of 20 ms between 0 and 100%) to
smooth the onset and offset of the probe grating. In
contrast, we adopted a gradually appearing Gabor
patch. We thought that using a pseudo-stationary
probe could provide different aspects of information
concerning attention and CSF. It has been shown that
spatial CSFs could be affected by temporal modulation
of probes (Robson, 1966), which can be explained by
assuming the existence of a sustained channel and a
transient channel in the human visual system. We in-
tend to investigate the effects of sustained attention on
the sustained channel.
Although we did not monitor eye movements in the
regular sessions, we monitored eye movements in an
additional 10 trials for three subjects (MG, TT, YU) to
confirm that their fixations were maintained throughout
the trial. We detected no saccadic eye movements
whose amplitudes exceeded 1.0°. Although this does
not imply that there were no eye movements in the
regular sessions because the subjects were able to
change their strategy, few saccades with large ampli-
tudes are expected to have occurred in the regular
sessions. However, subtle eye movements were difficult
to determine since our eye tracker (eye movement mon-
itor, TAKEI) is based on the limbus tracker method.
So we cannot exclude the possibility that subtle eye
movements affected the result, especially contrast sensi-
tivity at the higher frequencies. The quantitative estima-
tion of the effect is needed to obtain more precise
CSFs.
In conclusion, we have shown that the size of the
attended area affects CSFs; the sensitivity at higher
frequencies is enhanced when the area of attention is
narrow instead of when the area of attention is broad.
In this experiment, we designed the primary task to
control the size of the attended area. However, on the
aspect of splitting attention (Castiello & Umilta`, 1992),
the subject’s response may be interpreted as splitting
the focal attention between the peripheral ring and the
Gabor patch in the center of the monitor. In this
regard, the effect reported in this paper may be inter-
preted as reflecting the distance between the peripheral
ring and the Gabor patch, rather than the size of the
attended area. Further research is required to find out
which is more prominent in the effect. Another ques-
tion might have to be considered, namely the nature
and demands of the primary task. The frequency (1.7
cpd) at which a distinct elevation of sensitivity was not
observed is close to the frequency required to detect
four disks in the primary task. Future work should
clarify whether some correlation exists between the
CSFs and the frequency required to perform the pri-
mary task.
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